Growth and detachment rates of an environmental isolate of Aeromonas hydrophila attached to a surface were determined under varying nutrient supply conditions in a complex medium. Growth and detachment of cells were observed in real time using phase contrast microscopy in glass parallel plate flow chambers. Surface shear stress was controlled in all experiments at 3 N m .2. Images were taken every 15 min. Digital image analysis was used to determine specific growth and detachment rates. An observable parameter proportional to the nutrient depletion at the surface due to transfer limitations was used to indicate nutrient limitations. Specific detachment rates increased as the depletion parameter increased. indicating that nutrient limitations cause this bacterium to detach at greater rates.~1998 IAWQ. Published by Elsevier Science Ltd
INTRODUCTION
Biofilms are used in many attached growth processes for the treatment of wastewater. Understanding how biofilms accumulate is crucial to controlling them, either to promote their growth in beneficial systems or to prevent it when detrimental. Attachment, growth, and detachment are all important processes in biofilm accumulation, but the causes of biofilm detachment are not well understood. Previous research has indicated that the availability of nutrients may influence bacterial detachment. In a wastewater treatment reactor, the incoming wastewater strength is not a constant, so quantifying the relationship between nutrient supply and detachment is very important.
Previous studies found that cells detached when nutrients were lacking (Marshall, 1988; Delaquis et al., 1989) . In contrast, James et al. (1995) found cells detached under high nutrient conditions, although different carbon sources were used for high and low nutrient conditions. All of these studies indicate that nutrients playa role in detachment. However, the results appear contradictory. These studies do not quantify the influence of a range of differing nutrient supply conditions on detachment under controlled hydrodynamic conditions. Peyton and Characklis (1992) looked at steady state mature biofilms and found that detachment rate was related to growth rate at three nutrient concentrations. However, growth rate was not measured, but instead was calculated using mass balances.
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Our objective in this work was to investigate the hypothesis that bacteria detach from surfaces when nutrient supply is limited.
METHODS

Microbiolo~ical
A pure culture was used for this work so that species variability in detachment characteristics would not influence the results. Aeromonas hydrophila was isolated from unchlorinated well water based on its propensity to attach to glass. The culture was identified using fatty acid methyl ester analysis by Microbial [0, Inc. The culture was maintained on R2A Agar plates and slants.
A complex liquid medium with the same proportions as R2A Agar was used for all experiments. Different dilutions of this medium were used for different nutrient concentrations. Medium with a strength of t contained 25 mgtl Bacto yeast extract. 25 mgtl Difco proteose peptone #3. 25 mgll Bacto casamino acids. 25 mgtl Bacto dextrose, 25 mgll soluble starch, 15 mgll sodium pyruvate. 15 mgll K 2 HP0 4 • and 5.1 mgll MgS0 4 07H 2 0.
Experjmental system A parallel plate device based on the flow cell of Caldwell and Lawrence (1988) was constructed from glass microscope slides and coverslips using silicone adhesive as a sealant. The flow channel is approximately 0.2 mm deep. 2 mm wide, and 50 mm long. A gravity feed, once-through system was used to prevent nutrient depletion due to cycling of media. The parallel plate device was placed on the microscope stage, and phase contrast microscopy at a magnification of 400x was used. Black and white images were taken every t 5 minutes and stored digitally.
Experimental protocol
Before each experiment. the device was soaked overnight in 10% HCI, rinsed three times with deionized water, and baked overnight at 180·C. The inoculum was grown in batch culture in the complex medium at a medium strength of I for 5 to 7 days (stationary phase). The bacteria were allowed to attach with no flow through the device until observation showed approximately 30 cells per field had attached (typically 20 to 70 min). Then the flow of sterile medium was initiated. In some experiments the medium strength was abruptly increased or decreased after growth had occurred.
Ima~e analysis
For each image, the cell area was determined by thresholding the image. Comparing the cell areas for two images gives the net area increase. The two images were then compared, with the help of image subtraction, and the threshold of the older image was manually altered to determine the detachment area. The area increase due to growth is the net area increase plus the detachment area. From these areas, specific growth rates and specific detachment rates were calculated. The number of colonies present was determined by dilating the cell area eight times. With this dilation factor, cells were included in one colony if the distance between them was less than the average cell length.
THEORETICAL ASPECTS
A measurable parameter indicating nutrient supply or depletion is required to determine whether detachment is related to nutrient supply. Because the size of microcolonies will affect the nutrient concentrations that the bacteria experience. it is necessary to consider microcolonies separately. By a basic mass balance, we know that at steady state the flux of nutrients to the glass surface must equal the uptake of nutrients by the microcolony. Therefore,
where 11 is the specific growth rate (t-I ), Xfis the mass of the microcolony per substratum area (M L-2), Y is the yield (M M-I), k f is the mass transfer coefficient (L t-I ), C is the bulk nutrient concentration (M L-3), and C s is the nutrient concentration at the biofilm surface (M L-3). Solving this equation for the nutrient depletion gives, (2) Y and k f are constants for a given nutrient and bacterial culture, and 11 can be determined from image analysis. C is known from the medium preparation. In this paper, the medium strength S (-) will be used, where S is proportional to C. XI can not be determined by direct microscopic observation. However, from image analysis, the average colony area can be determined from the total cell area and the number of colonies. Thus, assuming a monolayer biofilm,
where Pfa is the mass of microcolonies per area of microcolonies (M L-2), A ceUs is the area of bacterial cells per viewfield (L2), A y is the area of viewfield (L2), and N is the number of microcolonies per viewfield (-).
Combining equations (2) and (3) ( 4) where K is a constant. Therefore, the ratio of J.1AceUISNA y is proportional to the nutrient depletion. This ratio will be used to investigate the effects of nutrient limitations on detachment.
RESULTS AND DISCUSSION
Specific detachment rates (k d ) are shown, where k d is the area detached divided by the area of cells per time.
The results shown are 2 h. running averages of the data. Figure I shows the detachment rate as a function of the depletion parameter. Although there is scatter in the data, a clear trend emerges, with detachment rates increasing and then leveling out as the depletion increases.
CONCLUSIONS
An observable parameter proportional to the nutrient depletion of bacteria in a microcolony was used to indicate nutrient limitations at the surface. Experimental results relating this parameter to specific detachment rates indicate that as nutrients are depleted at the surface, detachment rates increase. 
